The melting curve of H 2 O has been measured by in situ Raman spectroscopy in an externally-heated diamond anvil cell reaching up to 22 GPa and 900 K. The Raman- 
I. INTRODUCTION
The properties and phase diagram of H 2 O at high pressure and temperature are of fundamental interest in physics, chemistry, and planetary sciences. At extreme conditions, many properties of water have yet to be characterized accurately, and experimental data are needed to test theoretical predictions. In particular, the characterization of water is crucial for identifying and understanding numerous chemical reactions at extreme conditions where the state of water changes from hydrogen-bonded to dissociation dominated. The melting curve and equation of state (EOS) of H 2 O at high pressure is also important in planetary science, e.g., for our understanding of the internal properties and composition of planets. The high-pressure polymorphs of ice are assumed to be major components in the interior of Uranus and Neptune as well as in Jupiter's icy satellites. [1] [2] [3] Shock-wave experiments have served as the main tool to characterize fluid water at high pressure. The results have been used to derive and to constrain a variety of different EOS models. [4] [5] [6] [7] [8] [9] Shock wave studies have also served to determine additional properties of water at high pressure such as Raman spectra 10 and electrical conductivity. 5, 11 These experiments suggest that high pressure-temperature (P-T) conditions generate highly mobile charge carriers through molecular dissociation leading to an increase in conductivity. 5, 10, 11 The observed changes in the microscopic structure of water put a limit on the validity of a whole class of classical water models, which are based on interacting but intact molecules. Ab initio computer simulations are not limited in this respect and have been used to characterize dissociation processes in water under pressure. [12] [13] Recently, ab initio computer simulations by Cavazzoni et al. 14 On the other hand, angle-dispersive x-ray diffraction technique has been used recently to detect the melting line of ice VII up to 40 GPa. 15 The derived the melting curve lies between previous energydispersive x-ray diffraction 18, 21 and optical observation results. 19 Moreover, the melting curve of H 2 O has been measured in a laser-heated diamond cell using optical observation of the laser-speckle pattern of an Ar + laser line in which H 2 O was mixed with metal powder as a laser absorber in the range of 20-90 GPa and 1000-2400 K. 22 The melting line was reported to be much higher than in all previous studies. 23 , which makes it difficult to identify the ice phase in x-ray diffraction experiments. This indicates that x-ray diffraction technique only provides a lower bound on the melting curve.
II. EXPERIMENTAL METHODS
Distilled and deionized H 2 O sample was loaded into the sample chamber of an EHDAC 24 with flat diamonds with the culet size of 400 to 700 µm. A Re gasket was preindented to a thickness of 30 µm and a hole of 100 µm was drilled in the very center of the pre-indented area, ensuring the reliability of the pressure correction. A smaller hole of 5 20 µm in diameter was drilled near the sample chamber and filled with Sm:YAG as a pressure calibrant under high temperatures 25 because Sm:YAG is known to be dissolved in water at temperatures above 600 K. 19 Since the pressure calibrant was not placed in the sample chamber, test experiments were performed by placing Sm:YAG and ruby chips in both chambers up to ~650 K to correct the pressure difference which was about 10%
from 300 K to ~650 K, suggesting that the 10% pressure correction should also be valid at higher temperatures. WC seats with chromel wires were used as external heaters whereas inert gas of Ar with 2% H 2 was flown into the EHDAC to provide reduced environment and to protect heaters and diamonds. Temperatures were controlled by a feedback power supply with uncertainties of less than 10 K and measured from two Ktype thermocouples attached to the diamond surfaces or from one R-type thermocouple placed in between diamonds. 24 In some of the experiments, we have also used a small Au 
III. RESULTS AND DISCUSSION
The Raman spectra of H 2 O were measured up to 32 GPa and 1100 K. Figure 1 shows a series of Raman spectra for the Raman-active translational modes at different P-T conditions obtained during one heating cycle, in which the temperature was step-wise increased above the melting line and then lowered again. Coinciding with optical detection of melting, the bands of translational modes disappear. Consequently, the observation of the translational modes can be used as an indication for the presence of ice VII and its disappearance suggests the occurrence of liquid H 2 O.
26-33 Figure 2 shows OH-stretching bands at the same P-T conditions. The intensities are about one order of magnitude higher than the translational modes. In the solid phase, one can identify the A 1g and B 1 peaks of ice VII while E g peak is too weak to be resolved at temperatures above ~500 K. [26] [27] [28] [29] [30] [31] [32] [33] The width of both peaks increases with temperature while the frequencies decrease with pressure and increase with temperature. We furthermore observed that the magnitude of the frequency shift with pressure decrease at higher temperatures. As the temperature is raised above the melting line, the spectra in the region of OH-stretching bands changes significantly, in particular the relative intensities of the two main features are reversed (see Figs. 2 and 3 for more details). The changes are consistent with the disappearance of the lattice mode excitations and can be used as a third criterion to infer melting. At pressure above ~20 GPa, the OH-stretching modes overlapped with the second-order Raman signal from the diamond anvils, making it difficult to use these modes to detect melting. Nevertheless, the spectra of the translational mode can still be used to detect the melting transition. At temperatures close to the melting curve, we optically observed the formation of ice crystals while the Raman spectra of the OH-stretching bands and translational mode clearly showed the presence of the ice VII. This suggests that a melting line measured previously by x-ray diffraction 18, 20, 21 have provided only a lower bound for the melting temperature. , we cannot draw any conclusion about the dissociation mechanism in water at high P-T conditions.
We fitted the Raman spectra to a two-component mixture model with Voigt functions as we found that best described both the solid and liquid spectra (Fig. 3) . As shown, the intensities of the bands are reversed across melting; the low-frequency A 1g mode is the dominant band in the solid ice VII phase while the high-frequency mode, presumably the free OH-stretching band, is the dominant feature, providing a strong indication of melting. The intensity of the low-frequency A 1g mode increases with increasing temperature and decreasing pressure. The relative intensity of the high-frequency band in water increases with rising temperature up to 1100 K, consistent with shock-wave experiments. 10 The Raman measurements were performed up to 32 GPa in pressure and 1100 K in temperature (Fig. 4) . Data in the vicinity of the melting line were collected up to 22 GPa and 900 K. Although other melting laws can be applied 19, 35 , we find that the melting data are well described by the following Simon-Glatzel equation 36 ,
where P t =2.17 GPa and T t =355 K characterize the ice VI-VII-liquid triple point. The fit parameters P C = 0.85 GPa and α=3.47 were obtained by the following novel algorithm that directly uses two sets of measured P-T points, one set for the liquid and one for the solid phase. Ideally, the fitted melting line should be above all solid points and below all points characterized as liquid. However, because of the uncertainty of the P and T measurements there will often be a small number of P-T points that lie on the opposite side of the best possible fit of the melting curve. The following fit algorithm derives the parameters P C and α by minimizing the number of points that lie on the wrong side of the melting curve. (The algorithm does not actually require any data points on the opposite side.) More specifically, it minimizes the probability that a data point labeled as solid is above the melting line and that a point characterized as liquid is below. To estimate the probability density in P-T space for the exact location of data point, we center a twodimensional Gaussian error function around each measured P-T data point. The widths are given by the experimental error bars in pressure (+5%) and temperature (+10K). We then integrate over the P-T space strictly above a proposed melting line and add the contributions from all Gaussians in the solid data set. Similarly, we integrate the P-T space below the melting line and add contribution from the liquid data set. The smaller the sum of both integrals, the more realistic is the fit. This sum is then minimized with respect to P C and α, which provides us with a simple and robust method to fit a melting line in cases where a direct determination of the melting line is impractical and only P-T points in the vicinity are available. An extension to other melting laws is straightforward.
The resulting melting law shown in Fig. 4 is in good agreement with measurements up to 13 GPa by Datchi et al. 19 who combined optical observation of melting with quasiisochoric P-T scans. One finds that some points characterized as ice VII are slightly above the fitted melting curve but within experimental error bars. The observed melting temperatures are significantly higher than those obtained from the disappearance of the xray diffraction peaks in ice VII using the EOS of Au as an internal pressure calibrant. 18, 20, 21 In these experiments, it is possible that ice VII might have recrystallized in a different orientation as P-T were increased thereby causing a loss in the powder diffraction pattern. Indeed, we optically observed this recrystallization phenomenon in our experiments, and such recrystallization is also documented in previous experiments. 23 This recrystallation leads to a loss of diffraction peaks in an energy-dispersive detector.
Since it is likely that the area detector in angle-dispersive diffraction experiments only allows one to identify some but not all recrystallization processes, previous x-ray melting lines can now be considered as a lower bound for the melting line. 18, 20, 21 ; thus, the observation of diffuse scattering in an area detector from liquid water would be necessary to indicate melting. Moreover, one can also use Laue diffraction method with white Xray beam to detect diffraction signals from the single crystal ice. Au). The phase transformation from ice VII to ice X would change the slope of the extrapolated melting curve from this study and should further increase the melting point at higher pressures. 22, 32, 33 A distinct change in melting slope at about 43 GPa and 1600 K has been reported as a first-order transformation from ice VII to ice X; though, the melting curve was much higher than all other studies. 22 Recent in situ high P-T Raman study of solid CO 2 in a laser-heated DAC showed that the sample temperature was lower than the surface temperature while a metallic laser coupler was used 37, 38 Representative Raman spectra of the OH stretching modes for P-T conditions corresponding to Fig.1 . The stretching modes change significantly across melting (see Fig. 3 ); the low-frequency A 1g mode is the dominant peak in ice VII while the highfrequency mode dominates in liquid water.
FIG. 3.
Pressure dependence of the frequencies and the integrated areas of the OH stretching modes (in percentage) at 700 K. Two OH-stretching bands, A 1g and B 1g , are observed in ice VII as the E g band is too weak to be distinguishable from other bands. The Raman spectra have been fitted to a two-component model in Voigt functions (open triangles: low-frequency band and solid triangles: high-frequency band) as that best described both solid and liquid Raman patterns and allowed us to quantitatively describe the changes in the peak intensity. OH modes in liquid H2O are depicted as triangles, whereas circles are used for the solid phase: H2O-ice VII. Open symbols refer to the low frequency OH band, and solid symbols indicate the higher frequency band. At melting [indicated by dashed line corresponding to Eq. (1)], the ordering of the peak intensities is reversed (lower plot) (also see Fig. 2 ). 16 . We note that the melting curve of Schwager et al. was constructed by extrapolating their data back from pressures above 15 GPa and temperatures above 1050 K.
